The mechanical properties and fracture mechanisms of geomaterials and construction materials such as concrete are reported to be dependent on the loading rates. However, the in situ cracking inside such specimens cannot be visualized using traditional optical imaging methods since the materials are opaque. In this study, the in situ sub-surface failure/damage mechanisms in Cor-Tuf (a reactive powder concrete), a high-strength concrete (HSC) and Indiana limestone under dynamic loading were investigated using high-speed synchrotron X-ray phase-contrast imaging. Dynamic compressive loading was applied using a modified Kolsky bar and fracture images were recorded using a synchronized high-speed synchrotron X-ray imaging set-up. Three-dimensional synchrotron X-ray tomography was also performed to record the microstructure of the specimens before dynamic loading. In the Cor-Tuf and HSC specimens, two different modes of cracking were observed: straight cracking or angular cracking with respect to the direction of loading. In limestone, cracks followed the grain boundaries and voids, ultimately fracturing the specimen. Cracks in HSC were more
Introduction
Since 1990, high-strength concretes (HSCs) and reactive powder concretes (RPCs) have been developed with finer aggregate sizes and constituent reactive pozzolonic materials to achieve higher strength, better fracture resistance, low shrinkage and porosity, and excellent durability [1] [2] [3] . The superior properties of these materials have prompted their use in military engineering, nuclear waste treatment, long-span bridges and high-rise buildings. Along with concretes, limestone has been used as a construction material in many buildings all over the world [4] . Over time, these structures are expected to be subjected to the dynamic loading due to wind loading, water loading, earthquakes, impact and blast. Hence, understanding of their behaviour under dynamic loading will be immensely helpful in designing and building more efficient and safer structures.
The mechanical properties of both concrete and limestone have been reported to be loading rate sensitive, with compressive and tensile strengths showing improvements with increasing strain rate [1, 2, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In concrete specimens, the number of fragments resulting from specimen fracture increased and the corresponding average fragment size decreased with increasing strain rate [1, 5, 8] . The crack paths were observed to depend on the quality of the concrete and the loading rates. The cracks were observed to take circuitous paths around the aggregate particles at lower loading rates [8, 16] . A higher number of cracks propagated through the aggregate particles for higher loading rates for similar quality concrete [8] . Most of the cracks were observed to propagate through the aggregate particles in HSC under quasi-static and dynamic loading due to the improved bonding between the aggregate particles and the cement [5, 15, 16] . In Indiana limestone, cracking was observed to propagate around the allochem grains through the voids and the calcitic cement region [17] . It should be noted that the reported crack paths in concretes and limestone were inferred from the post-mortem observations of the specimens. The in situ information about crack initiation, propagation and crack type in concrete has been studied using the acoustic emissions [18, 19] . The acoustic emission technique provides valuable information about the location of the crack initiation and the mode of propagation (tensile or shear cracking) [18] . However, it has not been used to study the failure properties of geomaterials under dynamic loading. Furthermore, the in situ crack paths have not been studied using the acoustic emission technique.
The in situ observation of the cracking process is important to assess the critical stress states and microstructural features leading to the initiation and propagation of cracks. Especially in dynamic experiments, where the specimen fractures in many fragments, the exact locations of crack initiation and subsequent paths taken by these cracks cannot be recorded using traditional experimental techniques such as optical imaging since most of the cracks initiate sub-surface and cannot be recorded using the traditional high-speed optical cameras. To record the in situ fracture process in the geomaterials regardless of their location in the thickness direction, a high-speed synchrotron X-ray imaging technique is used in this study. A modified Kolsky bar apparatus was used to introduce dynamic cracks in the Cor-Tuf, HSC and Indiana limestone specimens, and a high-speed synchrotron X-ray phase-contrast imaging (PCI) system was used to record the fracture processes. The high-energy synchrotron X-rays can propagate through the opaque specimens and hence sub-surface cracking can be recorded using this technique. The high-speed X-ray imaging system provides an ideal technique to study the in situ dynamic fracture mechanisms in opaque materials such as concrete and limestone. 
Experimental methods (a) Specimen preparation
The HSC and Cor-Tuf specimens were cast at the US Army Engineers Engineering Research and Development Center (ERDC), Vicksburg, MS, USA. The component materials and mass proportions for each component for both concrete types are listed in table 1. The mixing and curing procedures for concretes are reported elsewhere [3, 20] . Subsequently, the cast HSC and Cor-Tuf blocks were machined at the US Air Force Research Laboratory (AFRL), Eglin Air Force Base, FL, USA, in a cylindrical shape for different sets of experiments. Indiana limestone samples were provided by Lafayette Masonry, Lafayette, IN, USA. The chemical composition of Indiana limestone was: calcite 97.1%, magnesite 1.2%, silica 0.8%, alumina 0.7%, iron oxide 0.1% and undetermined material 0.1% [4] .
The cuboid-shaped specimens in this study were cut from larger cylindrical samples using a low-speed diamond saw (IsoMet 1000; Buehler, Lake Bluff, IL, USA) with water cooling and lubrication. The specimen sizes for the dynamic experiments were 8.6 ± 1.0 mm × 5.3 ± 0.4 mm × 1.0 ± 0.1 mm. A schematic of the specimen geometry for the tomographic imaging is presented in figure 1 . For tomographic imaging, smaller specimens with size 0.88 mm × 1.32 mm × 1.46 ± 0.24 mm were used. The size of the specimen for tomographic imaging was limited by the maximum size of the X-ray beam available at the Advanced Photon Source (APS), Argonne National Laboratory, Lemont, IL, USA. The small thickness dimension (around 1 mm) of the specimens for both experiments was required to obtain good-quality X-ray images.
All specimens were imaged using a digital camera (D60; Nikon, Tokyo, Japan) and the crosssectional area was calculated using image processing software: IMAGEJ [21] . The thicknesses of the specimens were measured using digital callipers. The measured volume was then used to calculate the porosity values for the specimens used in the dynamic experiments. The grain densities of 2930 kg m −3 , 2150 kg m −3 and 2563 kg m −3 were used for Cor-Tuf [3] , HSC [20] and limestone [22] , respectively.
(b) Three-dimensional X-ray tomography
The X-ray tomography technique uses the projection X-ray images of the sample from different angles to reconstruct the through-the-thickness slices [23] . The specimens were fixed in a Kapton polyimide hollow cylinder using foam. The Kapton cylinder was then fixed on a rotational stage. In current tomography experiments, the specimen was rotated on the rotational stage because the position of the X-ray beam was constant. The X-ray tomography scans were performed at beam line 2-BM at the APS. A monochromatic synchrotron X-ray beam with energy 22.9 keV was used to obtain the projection images. The X-rays were converted to visible light after passing through the specimen using a single-crystal Lu 3 Al 5 O 12 : Ce scintillator. A high-speed camera with a complementary metal-oxide semiconductor (CMOS) detector (PCO; Dimax, Kelheim, Germany) was used to capture the converted images with a frame size of 2000 × 2000 pixels. In all tomography scans, 1500 projection images were recorded over 180°rotation of the sample with 10 ms exposure time per projection and 75 frames per second recording speed. The tomographic slices in the through-the-thickness direction were reconstructed using in-house reconstruction software: TOMOPY [24] . The raw reconstructed images were adjusted for brightness and contrast and then cropped to the final size using IMAGEJ [21] .
For further measurements, a greyscale threshold was used to binarize the images with a pixel value of zero for pores and one for the solid material. A native plug-in (Analyse particles) in IMAGEJ was used to identify and record the dimensions of the pores. The porosity of the specimen was then calculated by dividing the pore volume by the total volume of the specimen. (c) High-speed synchrotron X-ray phase-contrast imaging
The high-speed X-ray PCI set-up was synchronized with a modified Kolsky bar set-up to record the failure mechanisms in the aforementioned materials under dynamic loading. This experimental method has been used to study the failure mechanisms in various materials, including glass plates [25] , sand particles [26] , high-performance fibres [27] and various other brittle materials [28, 29] . The experimental method has been described in detail by Hudspeth et al. [30] . In the current experiments, a modified Kolsky bar set-up was used to apply the dynamic loading on the specimen and the synchronized high-speed X-ray PCI was then used to record the failure mechanisms. A schematic of the experimental set-up is presented in figure 2 . A photograph of the experimental apparatus is presented in the electronic supplementary material, figure S5 . Polychromatic, high-intensity X-ray beam PCI measurements were performed at the beam line 32-ID-B at the APS. The current experiments used the in-line X-ray holographic method to obtain the edge-enhanced images [31] . X-ray PCI uses the change in the phase of the Xrays and refraction of the X-rays as they pass through the sample containing materials with different densities. The refraction of sufficiently coherent X-rays produces intensity fringes of increased contrast at interfaces in the sample if sufficient distance is maintained between the sample and the detector [32, 33] . In this study, phase-contrast X-ray images were obtained by maintaining a distance of 250 mm between the sample and the detector. The X-ray PCI provided higher contrast between the various constitutive phases of the specimen, in both the tomography and the high-speed imaging experiments. Furthermore, the high contrast between the crack and the surrounding material obtained using PCI was useful in imaging the crack propagation in specimens. The X-ray beam was produced using a standard APS A undulator with the fundamental energy of the X-rays centred at 13 keV. The X-ray beam size was approximately 2 × 2 mm. A single-crystal Lu 3 Al 5 O 12 : Ce scintillator was used to convert the X-rays to visible light. The visible light images on the scintillator were relayed to the camera using a 45°mirror, 5× microscope objective lens and a tube lens. A high-speed CMOS camera (Fastcam SA 1.1; Photron, Tokyo, Japan) was used to record the images at frame rates between 30 000 and 75 000 frames per second. The frame size for the recorded images decreased as the recording frame rates were increased, hence different frame size-frame rate combinations were used to capture the largest possible specimen area at the highest possible temporal resolution.
A modified Kolsky bar set-up was synchronized with the X-ray imaging system and was used to apply the dynamic loading. A Kolsky bar, also known as a split Hopkinson pressure bar, is commonly used to characterize material properties at high strain rates (10 2 -10 5 s −1 ) [34] . For the current experiments, a miniature compression Kolsky bar was used [28, 30] . The Kolsky bar setup consisted of a striker bar (Φ = 12.7 mm, length = 305 mm) and an incident bar (Φ = 12.7 mm, length = 1372 mm), both manufactured from a high-strength steel alloy (Vascomax C300 maraging steel). The transmission bar in the conventional Kolsky bar apparatus was replaced with a piezoelectric load cell (Kistler 9212 high-impedance load cell) mounted on a heavy aluminium backstop to fit the experimental set-up inside the APS X-ray hutch. Two semi-conductor strain gauges (Kyowa KSP-2-1 K-E4) were fixed on the surface of the incident bar and were connected in a half-Wheatstone bridge configuration. The strain gauge assembly was used to record both the incident and reflected stress waves. The load cell was used to record the force responses of the specimens to the incident dynamic loading. Both the strain gauge and load signals were recorded using an oscilloscope (Tektronix DPO7104C).
The velocity at the sample end of the bar was calculated using the following equation: where C B represents the elastic wave velocity in the bar, and ε i and ε r represent the incident and reflected strain values measured from the strain gauges, respectively. Displacement of the bar end was then calculated using the following equation:
The specimens were mounted with the smallest dimension (≈1 mm) aligned along the X-rays. A hardened steel pin with diameter 2 mm was mounted on the back end of the sample (not in contact with the bar end), approximately in the middle. The schematic of the specimen mounting before the loading is presented in the inset of figure 1. The steel pin was mounted at the back of the specimen to facilitate the termination of cracks at a fixed point (specimen-pin contact). This was especially important as the X-ray window size and frame sizes were limited. It should be noted here that, although the compression Kolsky bar set-up was used to apply compressive loading on the specimen end that was in contact with the bar, the stress state in the specimen was not uniform due to the presence of the pin on the back end. A rectangular stress pulse was used as the input signal. Specimens were observed to fracture in the steep ramp part of the input pulse. Subsequently, specimens were compressed with a velocity profile shown in figure 3 . A typical experiment started with a manual start signal which launched the striker using a gas gun. The impact of the striker on the incident bar generated a compressive stress wave in the incident bar. The stress wave was sensed by the strain gauges as it propagated along the bar, thus sending the start signal for recording of data in the oscilloscope and the high-speed camera. The stress wave further propagated to the adjacent end of the incident bar where it applied the dynamic loading on the specimen. The dynamic loading initiated cracking and damage in the specimen. The high-intensity X-ray beam passed through the part of the specimen in contact with the steel pin as it was being loaded. The deformation and failure of the specimen was recorded by the scintillator-camera system. The recorded images were adjusted for brightness and contrast and then coloured (Look up table: Fire) using IMAGEJ [21] .
Experimental results
In this section, the tomographic slices for each of the materials are presented first to show the microstructures of the materials. The tomographic slices are followed by the failure images with corresponding dynamic force-displacement plots for all three materials. (a) Microstructure of materials from X-ray tomography
The tomographic slices from three materials are presented in figure 4 . Owing to the experimental scheduling process and the limitation on the X-ray beam size, the tomographic scanning was performed on the specimens that were not used in the dynamic experiments. However, specimens for both experiments were cut from the same larger specimens. For each material, five slices in the length direction are presented (see figure 1 for the schematic of the slice geometry). All the slices are taken from the same specimen. Slices from different specimens for the same materials are presented in the electronic supplementary material. The adjacent slices in figure 4 from each other with a frame size of 400 × 600 pixels or 880 × 1320 µm 2 . It should be noted here that the tomographic slices are obtained by cutting the three-dimensional reconstruction of the specimen volume in the through-the-thickness direction.
(i) Cor-Tuf
Cor-Tuf is a reactive powder concrete composed mainly of sand particles, silica flour, silica fume and cement [3] . All four of these components can be clearly observed in figure 4(i) . The silica sand particles are well dispersed in the volume. The space between the particles is filled by finely dispersed silica flour embedded in the cement. Silica fume can be observed as the bright spots in the slices. Large circular holes, depicting the two-dimensional slices of the spherical cavities, can be observed in the first four slices. The maximum diameter of the spherical voids in all the specimens was observed to be around 140-160 µm. The porosity measured from the tomographic images was 0.019 ± 0.007.
(ii) High-strength concrete HSC shows a microstructure which is very similar to the Cor-Tuf microstructure. Large circular holes depicting spherical cavities can be observed in slices (2) and (3). Along with large circular holes, large numbers of small circular holes are observed in slices (3) and (4), depicting microvoids in the specimen. The bright spots surrounding the large sand grains are the silica flour particles with higher contrast with cement when compared with the contrast displayed in the Cor-Tuf specimens. The sand grains in the HSC specimens show a wider size distribution than the fairly uniform particle size distribution observed in Cor-Tuf. The maximum diameter of the spherical voids was around 140-160 µm, similar to that observed in the Cor-Tuf specimens. Along with the large spherical voids, multiple small spherical voids were distributed throughout the volume. The large number of small voids was not observed in the Cor-Tuf samples and may have been caused by the differences in the composition and cure procedures for the two different types of concrete. The measured porosity from the tomographic slices was 0.018 ± 0.001.
(iii) Limestone
Limestone specimens displayed the widely observed calcite-cemented grainstone structure [35] . The allochems (including fossils, ooids and some peloids) can be clearly observed in all slices. The mecritic material surrounding the allochems can also be observed as the thin dark band around the grains. The allochems are cemented together with calcite cement depicted in a fainter grey colour in all slices. Large voids are observed, especially near the grain boundaries between the allochems and calcite. Small voids are observed inside the allochems' volume and calcite regions. The observation of dual porosity (large voids at grain boundaries and small voids inside the grains) has been reported for Indiana limestone samples [36] . In this study, only the large voids were observed to affect the dynamic crack propagation behaviour. The measured porosity (taking into account both large and small voids) was 0.122 ± 0.035.
(b) Dynamic failure mechanisms
The force versus bar end displacement plots with corresponding high-speed X-ray images from two representative experiments for all three materials are provided in figures 5-7. The specimens were loaded on one end using the modified Kolsky bar set-up with the velocity profile presented in figure 3 . The fracture mechanisms were observed using the high-speed X-ray imaging system described in §2c. The experiment was repeated five times for each material. It should be noted that the images obtained using the high-speed X-ray PCI set-up are two-dimensional projections of the specimen on the scintillator plane. The fracture mechanisms were observed to vary from experiment to experiment for Cor-Tuf and HSC between two major types of cracking: a single straight crack along the loading line terminating at the pin and multiple angular cracks also terminating at the pin. 
(ii) Figure 5 . Force-displacement plots and corresponding high-speed X-ray images for two representative Cor-Tuf experiments. Angular cracking is observed in experiment (i), while a straight crack is observed in experiment (ii). The scale bar represents 500 µm.
the pre-existing voids. These variations in the fracture mechanisms can be attributed to large variations in the microstructures from specimen to specimen for all three materials. The peaks in the force-displacement curves were observed to lie between the second and third frames in all experiments, signifying the complete fracture of the specimen between the second and third frames. The force-displacement plots and fracture images for experiments not presented here are provided in the electronic supplementary material.
(i) Cor-Tuf
The porosity calculated from the volume for the Cor-Tuf specimens used in the dynamic experiments was 0.25 ± 0.08. The high-speed images and corresponding force-bar end displacement plots for Cor-Tuf specimens are presented in figure 5 . Two features of the Cor-Tuf composition can be clearly observed in all X-ray images: dark silica fume particles and lighter void spaces. The silica fume particles have irregular shapes and are randomly dispersed. Void geometries are circular in shape since they are the projections of the spherical voids. (ii) Figure 6 . Force-displacement plots and corresponding high-speed X-ray images for two representative HSC experiments. Similar to the Cor-Tuf experiments, angular cracking is observed in experiment (i), while a straight crack is observed in experiment (ii). The cracks are more tortuous than those in Cor-Tuf specimens. The scale bar represents 500 µm.
the contrast between the particles and the surrounding cement matrix was low. The pin can be observed as the dark part-circular shape on the right-hand side of the figures. In experiment (i), the force increased sharply as the bar end started pushing the sample against the pin. As the bar end displacement increased, an angular crack started in the part of the specimen closer to the bar end, which was out of the frame. The crack eventually propagated to the pin. In the meantime, several other angular cracks terminated at the pin from the bottom part of the specimen. The included angle between the two outermost angular cracks was approximately 40°. The cracks were observed to navigate around and generally did not cause fracture of the silica fume particles. The intact fume particle can be clearly observed near the terminated crack at the pin in the third frame (t = 45 µs). The cracks were also observed to propagate through the void parts of the specimen. In experiment (ii), a straight crack, which terminated at the pin, fractured the specimen into two parts. The crack propagated around the silica fume particles and through the voids. The crack deviated from the straight propagation and returned to the original path as it passed through the large void space, causing a kink in the top crack face. The fracture force was lower for the specimen which fractured in the single splitting cracking mode than the force for the specimen which fractured in the angular cracking mode. The average fracture force for Cor-Tuf specimens was 356.5 ± 162.4 N. The average failure force for specimens with angular cracking was 472.6 ± 46.1 N (from three specimens) while that for specimens with straight cracking was 182.3 ± 10.0 N (from the other two specimens).
(ii) High-strength concrete
The porosity calculated from volume measurements for HSC specimens used in the dynamic experiments was 0.09 ± 0.03. The fracture images and force-displacement plots for HSC specimens are presented in figure 6 . The spherical voids can be clearly observed in both specimens. The aggregate particles and silica flour particles were not observed in HSC due to the lack of contrast between the particles and the surrounding cement matrix, similar to the Cor-Tuf specimens.
In experiment (i), angular cracks were observed to fracture the specimen. Multiple angular cracks can be observed directly in front of the pin, pulverizing it into small fragments. The included angle between the two outermost cracks was approximately 45°. The cracks can be observed to propagate around and did not fracture the dark aggregate particles.
A straight crack fractured the specimen in experiment (ii). A single tortuous crack can be observed in the centre of the specimen in the second frame (t = 17.4 µs). The tortuous crack propagates to the pin and fractures the specimen into two parts. The crack path displayed more tortuosity than the cracks in the Cor-Tuf specimens for both straight and angular crack propagation modes.
The average fracture force for all HSC specimens was 205.0 ± 39.1 N. The average failure force for the specimens with angular cracking was 184.2 ± 29.1 N (two specimens), while that for the specimens with straight cracks was 218.9 ± 43.6 N (three specimens).
(iii) Limestone
The porosity calculated from volume measurements for limestone specimens used in the dynamic experiments was 0.14 ± 0.03. The fracture images and the corresponding force-displacement plots for limestone are presented in figure 7 . The limestone structure with aggregated grains cemented by the calcite can be clearly observed in the high-speed images. The air voids or pores between the allochem grains and calcite matrix can be observed as the brighter areas. The pin is the dark part-circular shape at the right-hand side of each frame.
In experiment (i), the cracks can be observed to propagate between the void spaces. In the second frame (t = 18.6 µs), small cracks developed between the pre-existing voids in both the straight horizontal and angular directions. Eventually, a large horizontal crack was observed to fracture the specimen. A large number of cracks can be observed directly in front of the pin, similar to the cracking in HSC specimens. Cracking in experiment (ii) was very similar to that observed in experiment (i). The crack was formed by the crack front propagating between the pre-existing void space and the specimen fractured due to a straight horizontal crack. The average fracture force for limestone specimens was 115.0 ± 38.8 N.
Discussion
The porosities measured from the tomographic slices for two concrete materials were lower than those calculated from the volume measurements, while those for Indiana limestone matched the porosities calculated from the volume measurements. The porosity values are summarized in table 2. The porosities calculated from volume measurements match those reported in the literature for all three materials [3, 20, 22] . One of the reasons behind this discrepancy may be the small dimensions of the specimens used for tomographic imaging. Small specimens may have been manufactured from the volume of material without a large volume of pores, which may have led to smaller porosities. However, tomographic images provide an insight into the microstructure of the materials and hence help in understanding how the microstructure may affect the fracture behaviour. The quantitative measurements derived from the tomographic slices may not be representative of the bulk materials. The porosities of the specimens used in the dynamic experiments matched the previously reported porosities for Cor-Tuf [3] , HSC [20] and Indiana limestone [22] , respectively. Furthermore, there were multiple aggregate particles present in the thickness direction for all materials even when the thickness was low (around 1 mm). As crack initiation and propagation is mainly governed by the pores in the specimens, the equivalent porosities between the small specimens used for the dynamic experiments and the bulk material prove that the specimens were representative of the bulk material and the observed failure behaviour will be similar for the bulk materials under similar loading. The two concrete materials and limestone displayed large variations in the microstructure and dynamic cracking phenomena. Two concrete materials-Cor-Tuf and HSC-were composed of various sub-components such as aggregate silica sand, silica flour, silica fume and cement. Large spherical voids were present in both types of concrete specimens. The sub-components of limestone-allochems, calcite and micritic boundaries-were also observed. Large irregular void spaces were present in the limestone specimens. The dynamic cracking process also varied for the three materials. Both the Cor-Tuf and HSC specimens fractured in either angular cracking or straight horizontal cracking modes. The cracks in the HSC specimens displayed more tortuosity than those in the Cor-Tuf specimens. The limestone specimens fractured through the intergranular straight cracking mode. In all specimens, the cracking initiated out of the recorded high-speed frame, closer to the bar end.
For the contact problem between an elastic cylinder and a homogeneous rectangular planar specimen, the maximum tensile stresses are located in front of, and above and below, the pin (see the electronic supplementary material for the model and stress states). However, the specimens studied here are inhomogeneous, and the inhomogeneity, such as aggregates and voids, acts as stress concentration points. The voids especially lead to large tensile stresses near the void boundaries (electronic supplementary material, figure S9 ). The critical stress condition for cracking initiating at the void is given by [37] 
where K Ic is the fracture toughness of the material and a is the radius of the void. For concrete, the K Ic values generally lie between 0.5 and 1.2 MPa m 0.5 [38] . In the Cor-Tuf and HSC specimens, the largest void radii were estimated to be between 150 and 165 µm from the tomographic slices. Substituting in equation (4.1), the critical stress for initiating the crack from the void is estimated to be between 68 and 171 MPa. The stress in the specimens with voids can easily reach the required value for crack initiation (electronic supplementary material, figure S9 ). The crack initiation in a particular experiment will depend on the size of the largest void present in the area of high tensile stress. The direction of the maximum tensile stress at the void perimeter is perpendicular to the line joining the void centre and the specimen-pin contact point. Hence, the crack will initiate at the void perimeter in the direction of the line joining the void centre and the specimen-pin contact. In the experiments reported in §3b, if the crack initiated in front of the pin, it propagated in a horizontal straight line. If the crack initiated away from the straight line in front of the pin, it propagated in an angular direction to terminate at the pin. These two fracture modes are congruent with the tensile stress states. The propagation angle of the crack after initiation is postulated to depend on the most energetically favourable direction for crack propagation [39] .
The dynamic cracks in Cor-Tuf specimens were observed to be straight while those in HSC specimens were more tortuous. This phenomenon may be attributed to the differences in sizes of the aggregate sand particles used in both concretes. Previously, researchers have observed that the tortuosity of the cracks in concrete increases with increasing aggregate sizes [40] [41] [42] . The larger aggregate size leads to higher bond stresses at the cement-aggregate interfaces, thus leading to interface failures [41] . The interface failure around the aggregate leads to a tortuous crack. Furthermore, straighter cracks with more brittle material behaviour have been observed in HSC with more silica fume [40] . The silica fume particles act as a filler, altering the matrix structure of the concrete [40] . The pozzolanic activity of the silica fume also leads to an increase in the cementitious components and hence increased strength [40] . Both of these effects lead to the aforementioned increased brittle behaviour in Cor-Tuf when compared with HSC. The higher tortuosity of the crack in HSC may have been caused by its propagation around the aggregate particles due to worse cement-aggregate bonding in HSC than in Cor-Tuf.
The cracking in limestone specimens displayed a very different behaviour from Cor-Tuf and HSC. Large voids were observed around the allochem grain boundaries in the tomographic slices. The voids between the grains can also be observed in high-speed images. The crack must have initiated at one of the voids, depending on the void size and the tensile stress in the vicinity of the void. Once the crack was initiated, it propagated in an average horizontal direction bridging the various void areas already present in the sample. Some of the crack branches were observed to propagate in angular directions if a large void was present in that direction. Between the voids, the crack propagated through the weaker calcitic region [17] . This crack propagation mechanism has been observed in Indiana limestone samples subjected to quasi-static compressive loading [17] . It is postulated that this mechanism of crack propagation (straight line cracking between voids) is the energetically most favourable mode of fracture propagation in limestone.
High-speed X-ray PCI is a powerful technique to study the in situ fracture behaviour of geomaterials under dynamic loading. One of the main advantages of using X-ray imaging for geomaterials is the ability to record the sub-surface cracking and damage in the materials. The in situ X-ray imaging removes the requirement of constraining the specimens to capture the fragments for post hoc study of fracture patterns. Such constraints may change the stress states and fracture mechanisms of the specimen. Furthermore, identification of the crack initiation point may not be possible from the post-mortem analysis of the fragments. The current experimental results show the potential of the high-speed X-ray imaging technique to observe the in situ fracture mechanisms in concretes and other geomaterials. However, the current experimental setup was limited by the high-speed camera used. Owing to the limitation on the frame sizes and the recording speeds, only three frames of crack propagation were captured. With a better high-speed camera with larger frame sizes and higher recording speeds, more quantitative measurements such as crack speeds, degree of crack branching and degree of damage can be performed in future.
Conclusion
(1) In this study, a high-speed synchrotron X-ray imaging apparatus was used to record the in situ dynamic fracture mechanisms in HSC, Cor-Tuf and limestone. A modified Kolsky bar apparatus was used to apply the edgewise dynamic loading on the cuboid-shaped specimens and an indenting pin was fixed on the back end to facilitate the cracking. In all experiments, cracks were observed to initiate in the specimen and terminate at the indenting pin. (2) Two major modes of cracking were observed in both concrete specimens: straight horizontal cracks and angular cracks. The cracking is postulated to initiate at one of the large voids and then propagate and terminate at the pin. determined by the location of the initiation of the crack. The cracking in HSC specimens was observed to be more tortuous than the cracking in Cor-Tuf. The higher tortuosity may have been caused by the larger aggregate size and weaker bond between the aggregate and the cement in HSC than in Cor-Tuf. (3) The cracking in the limestone was observed to follow the grain boundaries and connect the voids that were already present in the specimens. The cracks initiated in front of the pin and propagated in a roughly horizontal direction. Crack bending and bifurcation between the voids was observed in some experiments. (4) The experimental results show the potential of synchrotron high-speed X-ray imaging for observing the fracture phenomena in geomaterials. X-ray imaging offers a unique advantage of ability to observe the sub-surface cracking and damage. The current experimental set-up can be further improved by using a better high-speed camera to obtain larger frame sizes and better temporal resolution.
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